Ehrlichia chaffeensis invades and survives in phagocytes by modulating host cell processes and evading innate defenses, but the mechanisms are not fully defined. Recently we have determined that E. chaffeensis tandem repeat proteins (TRPs) are type 1 secreted effectors involved in functionally diverse interactions with host targets, including components of the evolutionarily conserved Wnt signaling pathways. In this study, we demonstrated that induction of host canonical and noncanonical Wnt pathways by E. chaffeensis TRP effectors stimulates phagocytosis and promotes intracellular survival. After E. chaffeensis infection, canonical and noncanonical Wnt signalings were significantly stimulated during early stages of infection (1 to 3 h) which coincided with dephosphorylation and nuclear translocation of ␤-catenin, a major canonical Wnt signal transducer, and NFATC1, a noncanonical Wnt transcription factor. In total, the expression of ϳ44% of Wnt signaling target genes was altered during infec- 
bryonic development, differentiation, cell proliferation, cell motility, cell polarity, and adult tissue homeostasis (16, 17) . The importance of Wnt signaling has been demonstrated by mutations that lead to a variety of diseases, including breast and prostate cancer, glioblastoma, diabetes, and others (18, 19) . Wnt signaling pathways are highly evolutionarily conserved (20, 21) . Thus far, three Wnt pathways have been characterized: the canonical Wnt/ ␤-catenin pathway and two noncanonical ␤-catenin-independent pathways (Wnt/Ca 2ϩ and Wnt/planar cell polarity [PCP] ). Wnt signaling is activated by the binding of a Wnt ligand to a Frizzled (Fzd) receptor (22, 23) . In the canonical Wnt/␤-catenin pathway, activated Fzd heterodimerizes with lipoprotein receptor-related protein (LRP) to recruit and activate Dishevelled (Dvl), which subsequently recruits the protein complex containing axis inhibitor (Axin), adenomatous polyposis coli (APC), casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3), leading to the inhibition of phosphorylation of ␤-catenin by these kinases. Unphosphorylated ␤-catenin accumulates and subsequently translocates to the nucleus, where it associates with TCF/lymphoid-enhancing factor (LEF) family transcription factors to induce the expression of Wnt target genes (23) (24) (25) . The noncanonical Wnt/ Ca 2ϩ pathway signals through heterotrimeric G proteins, which further activates phospholipase C (PLC), leading to intracellular Ca 2ϩ release and activation of calcium/calmodulin-dependent protein kinase II (CaMKII), calcineurin, and protein kinase C (PKC) (17) . These processes can stimulate NFAT and other transcription factors such as cyclic AMP (cAMP) response element binding protein (CREB) (17, 26) . The noncanonical Wnt/PCP pathway involves the Rho and Rac GTPases, Rho kinase (ROCK), and c-Jun N-terminal kinase (JNK) and regulates cytoskeletal reorganization, cell motility, and tissue polarity (17, 27) . More recent studies have suggested that the activity of Wnt ligands and their binding to Fzd receptors depend on the cellular context; thus, Wnt and Fzd proteins cannot be rigorously subdivided according to the pathways they induce (28, 29) . However, Wnt3a and Wnt5a are more commonly associated with canonical and noncanonical Wnt signaling, respectively (30) .
Recently, the role of the Wnt pathway in phagocytosis of microorganisms has been demonstrated (31, 32) . The Wnt ligand receptor (Wnt5a-Fzd5) signaling in macrophages was reported to promote phagocytosis of bacteria and enhanced survival through lipid rafts with Rac1-phosphatidylinositol 3-kinase (PI3K)-IB kinase (IKK) activation (31) . Others have demonstrated that Salmonella activates host ␤-catenin signaling; moreover, Salmonella type 3 secreted effectors AvrA and SopB can individually activate Wnt/␤-catenin signaling in epithelial cells, leading to increases of stem cells and proliferative cells and transdifferentiation of primed epithelial cells into M cells, respectively, to promote intestinal invasion (33) (34) (35) (36) (37) . Wnt5a is known to activate canonical and noncanonical Wnt pathways and is linked to cytoskeletal modulation and proinflammatory cytokine activation, e.g., in human macrophages stimulated by Mycobacterium (38) (39) (40) (41) (42) .
E. chaffeensis binding and entry are known to involve one or more glycosylphosphatidylinositol (GPI)-anchored proteins associated with caveolae at the cell surface, inducing receptormediated phagocytosis that triggers Wnt signaling-like events, including transglutamination, tyrosine phosphorylation, phospholipase C␥2 (PLC-␥2) activation, inositol-(1,4,5)-trisphosphate (IP 3 ) production, and intracellular calcium release (43, 44) . In addition, multiple studies have shown the importance of E. chaffeensis TRP120 in ehrlichial binding and internalization (45, 46) ; however, the specific cellular pathways exploited to mediate invasion and intracellular survival have not been defined. In this study, we demonstrated that host Wnt signaling pathways are exploited for ehrlichial internalization and infection and that ehrlichial TRPs are directly involved.
MATERIALS AND METHODS
Cell culture and cultivation of E. chaffeensis. Human cervical epithelial adenocarcinoma cells (HeLa, from ATCC) were propagated in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (HyClone, Logan, UT). Human monocytic leukemia cells (THP-1) were propagated in RPMI medium 1640 with L-glutamine and 25 mM HEPES buffer (Invitrogen), supplemented with 1 mM sodium pyruvate, 2.5 g/liter D-(ϩ)-glucose (Sigma, St. Louis, MO), and 10% fetal bovine serum. E. chaffeensis (Arkansas strain) was cultivated in THP-1 cells as previously described (47) .
Inhibitors, siRNAs, and antibodies. Wnt signaling pathway inhibitors included pyrvinium pamoate, IWP-2, BAY11-7082, and NSC23766 (Sigma) and KN93, SB202190, TBCA, FH535, and LY294002 (Calbiochem/EMD, Billerica, MA). The lipid raft-disrupting agent nystatin was from Sigma. Human DKK3, Dvl2, Fzd9, Jun, NFATC1 (NFAT2), NFATC3 (NFAT4), PP2B-A␣ (calcineurin PPP3CA), PP2B-A␤ (calcineurin PPP3CB), TCF4, Wnt6, Wnt10a, and control-A siRNAs were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Validated siRNAs of human ␤-catenin, Wnt3a, Wnt5a, and LRP6 and endoribonuclease-prepared siRNAs (esiRNAs) of human ARID1B, KDM6B, IRF2BP2, PPP3R1, and VPS29 were from Sigma. Human Fzd5, Akt, CKIε, CKII, CaMKII, IKK, PI3K, and RhoA siRNAs were obtained from GE Dharmacon (Lafayette, CO). Alexa Fluor 488-labeled negative siRNA was from Qiagen (Germantown, MD). Rabbit and mouse anti-TRP32 antibodies have been described previously (12) . Other antibodies used in this study were mouse anti-human ␣-tubulin, NFATC1 (Santa Cruz), and ␤-catenin (Pierce, Rockford, IL) and rabbit anti-human Fzd9 (Pierce), phospho-␤-catenin, Dvl2 (Cell Signaling, Beverly, MA), and Jun (Santa Cruz).
PCR array. The RT 2 Profiler PCR arrays (version 4.0; SABiosciences, Valencia, CA) were used, including human Wnt signaling pathway plus PCR array and human Wnt signaling target PCR array (see Fig. S1 in the supplemental material and the SABiosciences website for gene list and functional gene grouping). The human Wnt signaling pathway plus PCR array profiles the expression of 84 genes related to Wnt-mediated signal transduction, including Wnt signaling ligands, receptors, and regulators, as well as downstream signaling molecules and target proteins for all three Wnt pathways. The array uses experimentally derived signature biomarker genes along with classification algorithms to generate the pathway activity score and determines whether Wnt pathway activity is activated or repressed in experimental samples. The human Wnt signaling target PCR array profiles the expression of 84 key genes responsive to Wnt signal transduction, including Wnt signaling pathway transcription factors and highly relevant target genes, to analyze Wnt pathway status. PCR array analyses were performed according to the PCR array handbook from the manufacturer. In brief, uninfected and E. chaffeensis-infected THP-1 cells at different intervals postinfection (p.i.) were collected, and total RNA was purified using the RNeasy minikit (Qiagen). During RNA purification, on-column DNA digestion was performed using the RNase-free DNase set (Qiagen). The concentration and purity were determined by measuring the absorbance using a NanoDrop 100 spectrophotometer (Thermo Scientific, West Palm Beach, FL), and rRNA band integrity was verified by running an aliquot of each RNA sample on an RNA FlashGel (Lonza, Rockland, ME). Genomic DNA was eliminated, and cDNA was synthesized from 0.5 g of total RNA using the RT 2 first-strand kit (Qiagen). Real-time PCR was performed using the RT 2 Profiler PCR array in combination with RT 2 SYBR green master mix (Qiagen) on a Mastercycler EP Realplex 2 S (Eppendorf, Germany). Cycling conditions were as follows: 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. The real-time cycler software RealPlex 1.5 (Eppendorf) was used for PCR and data collection. The baseline was set automatically, the threshold was defined manually, and then the threshold cycle (C T ) for each well was calculated by RealPlex. The threshold was set in the proper location and at the same level for all PCR arrays in the same analysis so that the values from the positive PCR control (PPC) assays on all arrays were between 18 C T and 22 C T . The C T values for all wells were exported for analysis using Web-based PCR array data analysis software (version 3.5; SABiosciences). PCR array quality checks were performed by the software before data analysis, including PCR array reproducibility, reverse transcription efficiency control (RTC), human genomic DNA contamination control (HGDC), and PPC.
Western immunoblotting. The THP-1 cell lysates were prepared using CytoBuster protein extraction reagent (Novagen/EMD, Gibbstown, NJ), separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a nitrocellulose membrane. Western immunoblotting was performed with horseradish peroxidase-labeled goat anti-rabbit or -mouse IgG (heavy and light chains) conjugate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) and SuperSignal West Dura chemiluminescent substrate (Thermo Scientific).
Immunofluorescence microscopy. Uninfected or E. chaffeensis-infected THP-1 cells at different intervals p.i. were collected, and the indirect immunofluorescent-antibody assay was performed as previously described (6), except that anti-␤-catenin or NFATC1 antibody (1:100) and anti-TRP32 antibody (1:10,000) were used.
Reporter assay. The activity of the noncanonical Wnt/Ca 2ϩ signal pathway (NFAT-mediated transcription) was monitored using the Cignal NFAT reporter (Qiagen). Briefly, HeLa cells (2 ϫ 10 4 /well) were seeded in a 96-well black plate, and the following day cells were transfected with NFAT reporter plasmid using Lipofectamine 3000 (Invitrogen) and incubated overnight again. The cell-free E. chaffeensis (multiplicity of infection [MOI] ϭ ϳ50) or uninfected THP-1 control was added to transfected HeLa cells. Firefly and Renilla luciferase activities of each well were measured at different time points using the Dual-Glo luciferase assay system (Promega, Madison, WI) and a Veritas microplate luminometer (Turner Biosystems, Sunnyvale, CA). Firefly luciferase activity was normalized with Renilla luciferase.
RNA interference. THP-1 cells (1 ϫ 10 5 /well on a 96-well plate) were transfected with 5 pmol human siRNA using Lipofectamine 3000 (Invitrogen). A control-A siRNA consisting of a scrambled sequence was used as a negative control, and an Alexa Fluor 488-labeled negative siRNA was used as a control to monitor transfection efficiency. At 1 day posttransfection, the cells were synchronously infected by cell-free E. chaffeensis at an MOI of ϳ50, and they were collected at 1 day and 2 days p.i. for quantitative PCR (qPCR) and Western blotting to determine knockdown levels.
Quantification of E. chaffeensis by qPCR. THP-1 cells were pelleted, washed with phosphate-buffered saline (PBS), lysed in SideStep lysis and stabilization buffer (Agilent, Santa Clara, CA) for 30 min at room temperature, and analyzed for bacterial load using real-time qPCR. Amplification of the integral ehrlichial gene dsb was performed using Brilliant II SYBR green master mix (Agilent), 200 nM forward primer (5=-GCTGCT CCACCAATAAATGTATCCCT-3=), and 200 nM reverse primer (5=-GT TTCATTAGCCAAGAATTCCGACACT-3=). The qPCR thermal cycling protocol (denaturation at 95°C for 10 min and then 40 cycles of 95°C for 30 s, 58°C for 1 min, and 72°C for 1 min) was performed on the Mastercycler EP Realplex 2 S (Eppendorf). A standard plasmid, pBAD-dsb, was constructed by cloning the ehrlichial dsb gene using the TOPO TA cloning kit (Invitrogen). The plasmid copy number for the standards was calculated using the following formula: plasmid copy/l ϭ [(plasmid concentration g/l)/(plasmid length in base pairs ϫ 660)] ϫ 6.022 ϫ 10 23 . The absolute E. chaffeensis dsb copy number in the cells was determined against the standard curve, or the fold change of dsb copy number relative to the control was normalized to qPCR-detected levels of the host genomic glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.
Small-molecule inhibitor treatment. THP-1 cells were plated in FBSfree medium and treated with inhibitor or dimethyl sulfoxide (DMSO) control at 3 h before infection with cell-free E. chaffeensis at an MOI of ϳ50, or cells were infected and then treated with inhibitor or DMSO at 3 h p.i. Percentages of infected cells were monitored daily over 3 days by Diff-Quik staining and counting of 100 cells. Bright-field images of these slides were collected on an Olympus BX61 epifluorescence microscope using a color camera. Initially, inhibitors were tested at the concentrations 5-to 10-fold higher than the 50% inhibitory concentration (IC 50 ) or K i as provided by the manufacturer. If the bacteria were inhibited at this concentration, MICs were then determined by using 2-fold serial dilutions. The MIC was defined as the minimum inhibitor concentration required for inhibition of the growth of the bacteria compared to that of the control (without the inhibitor) at day 3. An infected culture without the inhibitor served as a positive growth control, and an uninfected cell culture served as a negative control. All experiments were repeated three times to confirm results.
Phagocytosis of microspheres. Expression and purification of E. chaffeensis tandem repeat proteins (TRPs) has been described previously (9, 10, 12) . FluoSpheres sulfate microspheres (1.0 m, yellow-green fluorescent; Invitrogen) (10 l, ϳ3.6 ϫ 10 8 beads) were washed with 40 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 6.1) and then incubated with 15 g of TRP protein in 500 l MES buffer at room temperature for 1 h with mixing at 20 rpm. The coated beads were collected by centrifugation, washed twice in MES buffer, resuspended in RPMI medium, and then gently sonicated to disperse the beads. The efficiency of bead coating was confirmed by dot blot assay. TRP-coated or control thioredoxin protein-coated beads were added to THP-1 cells at a multiplicity of approximately 50 beads per cell and incubated for 2 h at 37°C with 5% CO 2 . Unbound beads were removed by washing and lowspeed centrifugation three times, and then cells were observed using an Olympus IX71 inverted fluorescence microscope. Fluorescence intensity was measured using a FluoroSkan fluorometer (Thermo Scientific). For estimating inhibition of phagocytosis, designated inhibitors were added 2 h before addition of coated beads.
Measurement of Ca 2؉ . Intracellular Ca 2ϩ release was measured in THP-1 cells using an acetoxymethyl (AM) ester derivative of fluo-3 (fluo-3/AM) (PromoKine, Heidelberg, Germany) as previously described (43) . Fluo-3-preloaded cells were treated with cell-free E. chaffeensis (MOI ϭ ϳ50), TRP-coated beads (50 beads/cell), or a control (cell-free uninfected THP-1 or thioredoxin-coated beads) and mixed briefly. Emission at 525 nm after excitation at 488 nm was recorded every 15 s for 40 min using a FluoroSkan fluorometer (Thermo Scientific). Nonfluorescent polystyrene latex beads (LB-11; Sigma) were coated with TRPs as described above.
Statistics. The statistical differences between experimental groups were assessed with the two-tailed Student t test, and significance was indicated by a P value of Ͻ0.05.
RESULTS

Gene activity analysis of the Wnt signaling pathway in E. chaffeensis-infected host cells by PCR array.
To define the impact of E. chaffeensis on host canonical and noncanonical Wnt signaling, the gene activity of the Wnt signaling pathway in E. chaffeensis-infected THP-1 cells at different time points (1 h, 3 h, 8 h, 24 h, and 72 h) p.i. was assessed by qPCR array analysis (Table  1) . Compared to that in uninfected cells (under basal conditions), the Wnt signaling pathway activity in THP-1 cells was stimulated significantly by E. chaffeensis early (at 3 h p.i.), whereas the activity was repressed significantly at late infection (72 h p.i.). However, there was no significant change in pathway activity observed in E. chaffeensis-infected THP-1 cells at 1 h, 8 h, and 24 h p.i. relative to the uninfected/basal level. Heat maps of gene expression of Wnt signaling pathways at 3 h, 24 h, and 72 h p.i. also show overall more gene upregulation (red) at 3 h and downregulation (green) at 72 h than at 24 h (Fig. 1A) .
Among 84 host genes associated with Wnt signaling pathways assessed by PCR array analysis (see Fig. S1A [top panel] in the supplemental material for a gene table), 18 (21% of the total) genes exhibited significant differences in expression for at least one time point after E. chaffeensis infection, either upregulation (fold regulation/fold change of Ͼ2) or downregulation (fold regulation of ϽϪ2 [fold change of Ͻ0.5]), compared to uninfected cells, including Wnt ligands, receptors, inhibitors, a transcription factor, and targets of Wnt signaling pathways ( Table 2 ). Figure  S1A in the supplemental material (bottom panel) shows the expression levels of seven Wnt component/target genes at different time points p.i., including Wnt ligands Wnt6 and Wnt10a, Frizzled receptors Fzd5 and Fzd9, transcription factor 7 (TCF7), and the Wnt targets FOS-like antigen 1 (FOSL1) and MYC. Expression profiles of these important genes of Wnt pathways were captured in the global pathway analysis results, which identified significant global upregulation of Wnt pathway at 3 h p.i. and downregulation at 72 h p.i.
Expression analysis of Wnt signaling target genes in E. chaffeensis-infected host cells by PCR array. We further examined the expression of a large number of genes that are targets of canonical/noncanonical Wnt signaling in order to demonstrate the Wnt pathway regulation and identify specific genes that are most affected with Ehrlichia-induced Wnt signaling. Figure 1B shows heat maps of gene expression of Wnt signaling targets at 3 h, 24 h, and 72 h p.i., and Table 3 shows functionally categorized target genes with significant changes of expression for at least one time point (3 h, 8 h, 24 h, or 72 h p.i.) in infected cells compared to that in uninfected cells. Among 84 host genes responsive to Wnt signaling (see Fig. S1B [top panel] in the supplemental material for a gene table), 37 genes (44%) showed significant differences in expression level for at least one time point after infection, either upregulation (fold regulation of Ͼ2) or downregulation (fold regulation of ϽϪ2]). Among these 37 genes with significant differences of expression, 19 genes (51% of 37) were upregulated, 13 genes (35%) were downregulated, and 5 genes (14%) were upregulated and downregulated at different time points. The functional categories represented by these 37 Wnt signaling target genes include development and differentiation, calcium binding and signaling, adhesion, migration, cell cycle, proteolysis, signal transduction, and transcription factors. Notably, in the categories of development and differentiation, calcium binding and signaling, and migration, about half (51%, 46%, and 52%, respectively) of the genes examined were modulated by E. chaffeensis. Expression levels of six host target genes, those for cyclin D1 (CCND1), fibroblast growth factor 9 (FGF9), fibronectin 1 (FN1), MET proto-oncogene (MET), matrix metallopeptidase 2 (MMP2), and secreted frizzled-related protein 2 (SFRP2), are shown at different time points p.i. as determined with the Wnt signaling target PCR array (see Fig. S1B [bottom panel] in the supplemental material). Consistent with the observed activities of the Wnt pathway, these Wnt signaling target genes had a similar expression pattern, with relatively high expression at 3 h and 8 h p.i. and relatively low expression at 72 h p.i. Modulation of many Wnt target genes in the host cell during E. chaffeensis infection supports the regulation of Wnt signaling by E. chaffeensis. E. chaffeensis infection suppresses phosphorylation of host ␤-catenin and mediates nuclear translocation of ␤-catenin and NFATC1. ␤-Catenin and NFATC1 are important signal transducers/transcription factors involved in Wnt/␤-catenin and Wnt/ Ca 2ϩ -regulated gene transcription, respectively. Activation of Wnt signaling pathways results in the dephosphorylation and translocation of ␤-catenin and NFATC1 into the nucleus. Therefore, we examined the phosphorylation of ␤-catenin and the localization of ␤-catenin and NFATC1 after ehrlichial infection by Western blotting and immunofluorescence microscopy. Phosphorylation of ␤-catenin was reduced at 1 h after infection and inhibited almost completely at 3 h ( Fig. 2A) . Moreover, a dramatic redistribution of ␤-catenin and NFATC1 proteins to the nucleus was observed shortly after infection with E. chaffeensis. In uninfected THP-1 cells, ␤-catenin was diffusely distributed mainly in the cytoplasm and associated with the cell membrane, but in E. chaffeensis-infected cells as early as 1 h p.i., ␤-catenin translocated to the nucleus, exhibiting a punctate distribution. By 20 h p.i., the majority of the ␤-catenin was redistributed to the cytoplasm (Fig. 2B) . Similarly, NFATC1 was diffusely distributed mainly in the cytoplasm of uninfected THP-1 cells but was translocated to the nucleus as early as 1 h p.i. Notably, there was nearly complete translocation of NFATC1 to the nucleus at 3 h, but by 20 h p.i., NFATC1 was observed mainly in the cytoplasm (Fig. 2B) . The inhibition of phosphorylation of ␤-catenin and translocation of ␤-catenin and NFATC1 proteins to the nucleus between 1 and 3 h p.i. was consistent with PCR array analysis identifying activation of Wnt component and target genes at 1 to 3 h after E. chaffeensis infection.
E. chaffeensis infection activates an NFAT reporter. Wnt signaling PCR arrays analyze the expression of a panel of genes related to all three Wnt pathways, but the pathway activities determined by PCR array are based on the well-studied canonical Wnt signaling pathway; therefore, the Cignal NFAT reporter was used to examine the activity of the noncanonical Wnt/Ca 2ϩ signal pathway (NFAT-mediated transcription). Compared to the uninfected control, stimulation of reporter signal was not observed at 3 h p.i., but the reporter activity increased at 8 h p.i. and was significantly upregulated by 24 h p.i. (Fig. 2C) , suggesting that E. chaffeensis activates the noncanonical Wnt/Ca 2ϩ signal pathway but that complete activation occurs later than that of the canonical Wnt/␤-catenin pathway. In addition, the activation of the Wnt/ Ca 2ϩ signal pathway at the transcriptional and translational levels (8 to 24 h) occurs later than translocation of the NFAT protein into the nucleus (1 to 3 h).
Knockdown of Wnt signaling pathway components influences ehrlichial infection of macrophages. We further confirmed the role of host Wnt signaling pathways in ehrlichial infection by RNA interference. In total, 23 siRNAs were used to target important components of Wnt signaling pathways, such as Wnt ligands, receptors and coreceptors, regulators, transcription factors, and Wnt targets (Fig. 3A) . The siRNAs of some host genes modulated during E. chaffeensis infection, as determined by PCR array analysis, were also included. The decrease of most proteins (17 proteins at 1 day p.i. and 20 proteins at 2 days p.i.) decreased E. chaffeensis infection significantly, indicating that Wnt signaling plays a role in E. chaffeensis infection and survival. An exception was knockdown of DKK3 (at 1 day p.i.), which increased the ehrlichial load. Notably, DKK3 (Dickkopf homolog 3 from Xenopus laevis) is an antagonist of the canonical Wnt signaling pathway (48) , thus further supporting the importance of Wnt signaling in ehrlichial survival. The inhibition of infection by siRNAs of Wnt signaling pathways occurred at 1 and/or 2 days p.i. Protein expression of three genes, those for Fzd9, Dvl2, and Jun, was reduced in specific siRNA-transfected cells compared with the unrelated control siRNA-transfected cells (Fig. 3B) .
Small-molecule inhibitors of Wnt signaling pathways repress E. chaffeensis infection of host cells. To confirm the important role of host Wnt signaling pathways in E. chaffeensis infection, the effects of various Wnt signaling pathway inhibitors on ehrlichial infection were examined (Table 4) . Five inhibitors were found to have a significant impact on ehrlichial infection without apparent toxicity to host cells, i.e., CK1␣/GSK3 activator (Akt inhibitor) pyrvinium, CaMKII inhibitor KN93, inhibitor of Wnt production II IWP-2, CK1␦/ε inhibitor SB202190, and CK2 inhibitor III TBCA (Fig. 4A to C) . Pyrvinium, KN93, and IWP-2 were highly potent inhibitors of ehrlichial infection and could block the infection almost completely despite addition of inhibi- Addition of inhibitor SB202190 or TBCA 3 h before or after ehrlichial infection did not make significant difference in reduction of the bacterial load, suggesting that inhibitors SB202190 and TBCA function after ehrlichial infection and thus that CK1␦/ε and CK2 of the canonical Wnt pathway are not important for ehrlichial internalization. Notably, the three most potent inhibitors pyrvinium, KN93, and IWP-2 target the canonical Wnt pathway, the noncanonical Wnt/Ca 2ϩ pathway, and Wnt ligand secretion, respectively, indicating the importance of both canonical and noncanonical Wnt signaling pathways and Wnt ligand secretion for ehrlichial survival. Moreover, MICs of pyrvinium, KN93, and IWP-2 for ehrlichial infection were determined to be 20 nM, 4 M, and 0.3 M, respectively, by using 2-fold serial dilutions (Table 4 ). In addition, we found that three other inhibitors, ␤-catenin/TCF inhibitor FH535, PI3K inhibitor LY294002, and IKK inhibitor BAY11-7082, could influence ehrlichial infection, they but exhibited toxicity to host cells after treatment for more than 1 day (data not shown).
E. chaffeensis TRP120 interacts with host targets involved in Wnt signaling that influence infection. Since E. chaffeensis TRPs have been identified as bacterial effector proteins and interact with multiple host proteins involved in Wnt signaling, we confirmed the role of these host proteins in ehrlichial infection by RNA interference. Similar to our previous result for TRP32-interacting protein DAZAP2, knockdown of five TRP120-interacting host proteins, i.e., ARID1B, KDM6B, IRF2BP2, PPP3R1, and VPS29, influenced E. chaffeensis infection of macrophages significantly ( Table 5 ). The bacterial load in all specific siRNA-transfected cells decreased at both 1 day and 2 days p.i. (fold regulation of ϽϪ2), except that the bacterial load in ARID1B siRNA-transfected cells increased. ARID1B is an AT-rich DNA-interacting domain-containing protein and a component of the SWI/SNF chromatinremodeling complex, and it has been reported to interact with ␤-catenin to suppress Wnt signaling (49) . The results suggest that TRP120 plays a major role in influencing Wnt pathway activation by interacting with these Wnt pathway regulators during E. chaffeensis infection. E. chaffeensis TRPs stimulate phagocytosis of macrophages, and Wnt pathway inhibitors reduce the stimulation. Wnt signaling is known to influence cytoskeletal changes, cell polarity, and phagocytosis (32, 50) . To determine if E. chaffeensis tandem repeat proteins (TRPs) activated the Wnt pathway to induce phagocytosis, we coated microspheres with recombinant TRPs and examined their uptake. Phagocytosis of TRP120-coated microspheres by the THP-1 cells was significantly increased compared with that by the control protein (TRP120 N-terminal region [TRP120N])-coated microspheres (Fig. 5A) . Similarly, TRP32-or TRP47-coated microspheres were also phagocytosed, but less efficiently than TRP120. Next we examined the roles of specific TRP120 domains in inducing Wnt-directed phagocytosis. Truncated TRP120TRC (containing all tandem repeats and the C terminus), TRP120-2R (containing two tandem repeats), and TRP120C
(containing the C terminus) stimulated phagocytosis, but less efficiently than full-length TRP120. The N-terminal region of TRP120 was not phagocytosed suggesting that TR and C-terminal domains both contribute to TRP-induced phagocytosis (Fig. 5B) .
To examine the role of Wnt pathways associated with TRP-induced phagocytosis, we tested Wnt pathway inhibitors (Table 4) . Noncanonical Wnt pathway inhibitors, including IKK inhibitor BAY11-7082 and PI3K inhibitor LY94002, significantly reduced the TRP-coated microsphere uptake, supporting an important role for one or more of these noncanonical Wnt pathways in TRPinduced phagocytosis (Fig. 5A and C) . TRP120-induced microsphere internalization was also reduced after treatment with various Wnt pathway inhibitors, including CKI␣/GSK3␤ activator (Akt inhibitor) pyrvinium, ␤-catenin/TCF inhibitor FH535, CaMKII inhibitor KN93, and Rac1 inhibitor NSC23766, suggesting that all three canonical and noncanonical Wnt pathways are involved in TRP-induced phagocytosis. However, the canonical Wnt pathway inhibitors CK1␦/ε inhibitor (SB202190) and CK2 inhibitor III (TBCA) did not reduce TRP microsphere internalization significantly, consistent with our data shown in Fig. 4A . a dsb gene copy number normalized to the GAPDH gene; the average is shown (n ϭ 2).
tivation of the noncanonical Wnt/Ca 2ϩ pathway leads to increased intracellular Ca 2ϩ release and activation of CaMKII and calcineurin followed by NFAT and other transcription factors. A Ca 2ϩ increase was detected in THP-1 cells infected with E. chaffeensis or treated with beads coated with a mixture of TRP32, TRP47, and TRP120. Consistent with a previous study (43) , a rapid increase of Ca 2ϩ was detected to about 80 s after cell-free E. chaffeensis was added. Similarly, TRP-coated beads also caused a rapid increase of Ca 2ϩ to about 60 s, although the Ca 2ϩ concentration was lower than that stimulated by Ehrlichia. As controls, uninfected THP-1 cell lysate or control beads did not induce Ca 2ϩ release, indicating that Ehrlichia and TRPs stimulate intracellular Ca 2ϩ release associated with E. chaffeensis entry (Fig. 5D) . In addition, Ca 2ϩ release by a single TRP-coated bead was not detected (data not shown), suggesting that all three TRPs are needed for Ca 2ϩ release or that the TRP mixture caused more Ca 2ϩ release.
DISCUSSION
Wnt signaling involves a complex signaling network of ligands, receptors, kinases, transcription factors, and other molecules that are associated with three distinct but interconnected Wnt pathways. In the eukaryotic cell, Wnt pathways control cellular proliferation, differentiation, and cell polarity, and recent reports have linked microbes and host Wnt signaling. Microbe activation of Wnt pathways has been linked to phagocytosis of bacteria and viruses, differentiation of cells to promote entry, expression of proinflammatory responses to microbial pathogen-associated molecular patterns, and intracellular bacterial survival (31, 32, 36, 38) . Previously, we have defined interactions between ehrlichial TRP effectors and host DNA/proteins, including Wnt pathway components, regulators, and transcriptional regulators of Wnt pathway gene expression (6, 7, 15) . This study extends these interactions and demonstrates that canonical and noncanonical Wnt pathway activation occurs during E. chaffeensis infection. In this study, we demonstrate that host Wnt signaling pathways play important roles in ehrlichial internalization and infection and that ehrlichial TRPs mediate the invasion and survival through activation and modulation of Wnt signaling pathways. In order to identify temporal regulation of Wnt pathways and the specific Wnt signaling components and target genes induced by E. chaffeensis infection, we examined expression of Wnt pathway components and target genes using PCR arrays. Pathway activity scores demonstrated early activation and late repression of Wnt pathways, with significant changes in the expression level of Wnt ligands, receptors, inhibitors, signaling molecules, and transcription factors associated with both the canonical and noncanonical Wnt pathways. Gene transcription analysis indicated that a Wnt pathway(s) was activated at a very early stage of infection (3 h), suggesting involvement of the pathway in the internalization of bacteria, consistent with a previous report that the Wnt signaling in macrophages promoted phagocytosis of bacteria and enhanced survival (31) . Ehrlichial entry occurs within 1 h to 3 h p.i. (45, 51) , and the resulting activation of Wnt pathways at 3 h p.i. is consistent with the time frame of the entry process. Early activation of canonical and noncanonical Wnt pathways was confirmed by the dephosphorylation of ␤-catenin and nuclear translocation of ␤-catenin and NFATC1. Translocation of ␤-catenin and NFATC1 was also detected at 1 h p.i. These findings support that host Wnt signaling pathways are activated during Ehrlichia entry. Conversely, Wnt pathway repression was observed 72 h after infection in which the bacteria have completed a replication cycle and exit the host cell (51) , suggesting that the Wnt pathway(s) is downregulated during the exit phase. Significant changes in pathway activity at other time points (1 h, 8 h, and 24 h) were not detected, and this finding may be associated with the limitation of signature biomarker genes that our PCR array selects, since different components may be regulated by Ehrlichia at different time points in a different way. In addition, we used the NFAT reporter assay to demonstrate that E. chaffeensis activates the noncanonical Wnt/Ca 2ϩ pathway directly. The inconsistency in time points between NFAT nuclear translocation (1 to 3 h p.i.) and NFAT reporter expression (8 to 24 h p.i.) may be due to the later occurrence of gene expression than nuclear translocation of NFAT or may be caused by different cell lines and cell context.
Genes with significant changes of expression after ehrlichial infection (Table 2 ) are included in both canonical and noncanonical Wnt pathways. For example, Wnt5b ligand has been found to activate Wnt/PCP and Wnt/Ca 2ϩ pathways and also to be associated with ␤-catenin (52-54); similarly, receptor Fzd5 is commonly linked to Wnt5a and Wnt/PCP pathways, but prototype noncanonical Wnt5a has been reported to signal to ␤-catenin in the presence of overexpressed Fzd5 (55) . Therefore, it is predicted that these Wnt pathway components/targets with significant changes of expression play important roles during Ehrlichia entry/ survival, and all three Wnt signaling pathways are utilized by E. chaffeensis. This is further supported by functionally categorized gene expression changes of Wnt signaling targets after ehrlichial infection, including Wnt targets involved in development and differentiation, calcium binding, and signaling and migration, as demonstrated by the Wnt target PCR array (Table 3) . Wnt pathways are involved in these important cellular processes, suggesting that the regulation of canonical and noncanonical Wnt pathways is important for ehrlichial infection.
Experiments using small interfering RNAs and small-molecule inhibitors support the conclusion that canonical and noncanonical Wnt signaling pathways are activated during ehrlichial infection of host cells. Knockdown of some important components of Wnt signaling pathways, including Wnt ligands, receptors and coreceptors, signaling molecules, kinases, transcription factors, and targets as well as TRP120-interacting proteins, influenced E. chaffeensis infection significantly, indicating the importance of these proteins and canonical/noncanonical Wnt pathway activation during E. chaffeensis infection. Specifically, highly significant reductions of infection were observed at both 1 and 2 days p.i. after knockdown of ligand Wnt5a or its receptor Fzd5, suggesting that Wnt5a-Fzd5 signaling is very important for Ehrlichia survival after internalization. This is consistent with a previous report that Wnt5a-Fzd5 signaling reduced bacterial killing by macrophages (31) . However, we found by gene expression analysis that Fzd5, but not Wnt5a, was upregulated by Ehrlichia, suggesting that Ehrlichia regulates the expression of Wnt5a receptor instead of Wnt5a itself, although Wnt5a does appear to be important for bacterial survival after entry. Wnt5a can bind to different classes of receptors and coreceptors, but Wnt5a signals primarily through the noncanonical pathway, where it mediates cell proliferation, adhesion, and movement (56) . However, the role of Wnt5a in canonical signaling is still unclear, due to its complex nature. Depending on the receptor availability, Wnt5a can activate or inhibit the canonical Wnt signaling pathway (57) . Moreover, Wnt5a has recently emerged as a macrophage effector molecule that triggers inflammation (58, 59) . Another protein whose knockdown reduced the infection highly significantly at 1 day p.i. was low-density lipoprotein receptor-related protein 6 (LRP6), a coreceptor with Frizzled for Wnt to transmit the canonical Wnt signaling. Macrophages expressing receptors containing the cytoplasmic tail of LRP were able to bind and internalize sheep red blood cells, and LRP6 was reported to internalize with caveolin and interact with axin to promote the accumulation of ␤-catenin (60, 61) , so LRP6 may be involved in both Ehrlichia internalization and survival. Knockdown of Akt reduced the infection very significantly at both 1 and 2 days p.i. Akt, also known as protein kinase B (PKB), is a serine/threonine-specific protein kinase that is involved in both canonical and noncanonical Wnt pathways. Akt plays a key role in multiple cellular processes such as cell survival, cell proliferation, cell migration, transcription, and apoptosis, and it is also associated with cytoskeleton reorganization and phagocytosis of bacteria by macrophages (62, 63) ; therefore, Akt is predicted to be involved in both Ehrlichia internalization and survival. In our study, the only siRNA which increased the ehrlichial load was DKK3, consistent with the fact that it is an antagonist of the canonical Wnt pathway. TRP120-interacting host proteins ARID1B, KDM6B, IRF2BP2, PPP3R1, and VPS29 are involved in both canonical/noncanonical Wnt signaling pathways and Wnt ligand secretion and also appear to play important roles during ehrlichial infection. For example, KDM6B is a histone H3 lysine demethylase with an important gene regulatory role in development and physiology. It has been reported not only to interact with ␤-catenin and contribute to ␤-catenin-dependent promoter activation but also to upregulate Wnt3 expression and cause activation of Wnt signaling (64, 65) . PPP3R1 is calcineurin subunit B type 1, an important component of the Wnt/Ca 2ϩ pathway with Ca 2ϩ /calmodulin binding activity. Therefore, TRP120 interaction with KDM6B and PPP3R1 would be predicted to promote positive regulation of Wnt/␤-catenin and the Wnt/Ca 2ϩ pathway, respectively, to facilitate ehrlichial survival. VPS29 is a component of a large retromer complex which is involved in retrograde transport of Wnt carrier protein Wntless (Wls) from endosomes to the trans-Golgi network and is required for Wnt secretion (66) . TRP120 may interact with VPS29 to assist the recycling of Wls protein and thus promote the secretion of Wnt ligands and activation of Wnt pathways during ehrlichial infection.
The siRNA experiments revealed that a reduction in E. chaffeensis load occurs at different stages of infection for different host targets, suggesting that the role of these targets varies at different points during infection. For example, Wnt3a, Wnt10a, and calcineurin PPP3CB siRNAs reduced the bacterial load significantly at 2 days p.i. but not significantly at 1 day, suggesting that these components may be not involved in bacterial internalization, or perhaps they play a larger role in Wnt signaling associated with bacterial survival rather than entry. In contrast, Fzd9 and DKK3 siRNAs reduced/increased the bacterial load significantly at 1 day p.i. but not significantly at 2 days, suggesting that they are more important for the bacterial entry or early stage. In addition, knockdown of some Wnt pathway compo-nents had a dramatic effect on the ehrlichial load, suggesting that they play key roles in the Ehrlichia-Wnt axis. For example, knockdown of Wnt5a, Fzd5, or Akt reduced the infection very significantly at both 1 and 2 days p.i., suggesting that they are critical components of Wnt signaling exploited by Ehrlichia survival; however, we cannot exclude the possibility that siRNAs may have different knockdown efficiency. Unlike the effect of some small-molecule inhibitors, the reduction of a single target protein by RNA interference could not abolish the ehrlichial growth completely. This may result from the incomplete knockdown of target proteins, as was demonstrated by Western blotting, or redundancy in Wnt signaling.
Several Wnt signaling pathway inhibitors reduced ehrlichial infection significantly, three of which, pyrvinium pamoate, KN93, and IWP-2, were highly effective. Pyrvinium was first found to activate CK1␣, but it has been recently reported that it promotes Akt downregulation and GSK3 activation rather than activates CK1 (67, 68) . Despite discrepancies in the understood mechanism of action, pyrvinium ultimately inhibits Wnt/␤-catenin signaling. However, Akt also interacts with Wnt/Ca 2ϩ and Wnt/PCP pathways, so pyrvinium may also influence noncanonical Wnt pathways. KN93 selectively binds to the calmodulin binding site of CaMKII and prevents the association of calmodulin with CaMKII, and it thus inhibits the Wnt/Ca 2ϩ pathway (69); IWP-2 inhibits the cellular Wnt processing and secretion via selective blockage of PORCN-mediated Wnt palmitoylation (70) . Two canonical Wnt pathway inhibitors, SB202190 and TBCA, which inhibit CK1␦/ε and CK2, respectively, were less effective. These inhibitors act on all three Wnt signaling pathways and Wnt secretion and thus reveal the importance of both canonical and noncanonical Wnt signaling pathways, especially CK1␣/GSK3/Akt, CaMKII, and Wnt ligands, in ehrlichial infection. CK1␦/ε and CK2 of the canonical Wnt pathway were not important for ehrlichial internalization, since addition of inhibitor SB202190 or TBCA before or after ehrlichial infection did not make a significant difference in reduction of the bacterial load. Pyrvinium, KN93, and IWP-2 could block the infection almost completely, so the roles of CK1␣/GSK3/Akt, CaMKII, and Wnt ligand secretion in ehrlichial internalization could not be verified by this experiment only. Wnt signaling pathway inhibitors have potential for ehrlichiosis treatment, but further study is needed to understand the importance of specific Wnt pathway components in ehrlichial pathobiology.
Consistent with recent reports (31, 44) , our experiments indicate that inhibitors of PI3K, IKK, and lipid rafts reduced TRPmediated phagocytosis significantly. Activation of Rac1-PI3K-IKK perhaps stimulates the assembly of scavenger receptors at lipid rafts and supports cytoskeletal rearrangements required for phagocytosis (71) (72) (73) . In addition, inhibitors of Akt, Rac1, ␤-catenin/TCF, and CaMKII, but not CK1␦/ε and CK2, also reduced TRP-induced phagocytosis. Therefore, Wnt pathway components PI3K, IKK, Rac1, CK1␣/GSK3␤/Akt, ␤-catenin/TCF, and CaMKII appear to be important in signaling that leads to ehrlichial internalization. In contrast, CK1␦/ε and CK2 are not involved, consistent with our other experimental results. Based on the classification of these components, we may also define TRPinduced phagocytosis primarily as a noncanonical mode of Wnt signaling (most likely Wnt/PCP signaling), similar to Wnt5a-induced phagocytosis, although canonical Wnt signaling may be involved and influence phagocytosis. Interactions between E. chaffeensis TRPs and components/regulators of the Wnt signaling pathway appear to directly activate Wnt signaling. However, in contrast to the recent report demonstrating that Wnt5a triggered phagocytosis of a bacterium (31), the Wnt production inhibitor IWP-2 could not inhibit the phagocytosis mediated by TRP, suggesting that Wnt ligands, such as Wnt5a, may promote Wnt signaling activation to promote ehrlichial survival after internalization but are not involved in TRP-induced phagocytosis. Thus, it appears that Ehrlichia internalization is independent of Wnt ligand secretion, although further experimentation is needed to confirm this conclusion.
To date, the molecular mechanisms by which Ehrlichia enters and modulates host cells are not well understood (4, (6) (7) (8) , but our findings regarding Wnt pathways are consistent with previous reports that described some characteristics of cellular signaling upon internalization of ehrlichiae (43, 44) . E. chaffeensis enters the monocyte through lipid raft-caveola-mediated endocytosis, where it can reside within a cytoplasmic vacuole that resembles an early endosome, preventing lysosomal fusion and protecting it from killing (44) . TRP120 is an ehrlichial surface protein preferentially expressed on dense-core cells, and it has been found to interact with host proteins involved in cytoskeleton organization (6) . It has also been associated with ehrlichial binding and internalization (45, 46) . We found that ehrlichial TRPs stimulate phagocytosis by macrophages and that Wnt pathway inhibitors inhibit phagocytosis of TRP-coated microspheres. Thus, ehrlichial TRPs appear to be agonists that directly activate Wnt signaling pathways of the host to induce internalization and facilitate intracellular survival. However, the underlying molecular mechanism remains unclear. Our data suggest that TRP120 induces phagocytosis more efficiently than other TRPs and that TR and C-terminal domains of TRP120 mediate TRP-induced phagocytosis. These domains associated with internalization were not examined in other TRPs but are predicted to be similar. Notably, another study reported that E. chaffeensis uses its surface protein EtpE to bind GPI-anchored protein DNase X to trigger entry via CD147 and hnRNP-K recruitment and actin mobilization (74, 75) . The domains in TRPs responsible for internalization are structurally distinct from EtpE and are not predicted to interact with DNase X. Therefore, TRP-induced entry may involve a distinct TRP-interacting Wnt surface protein that remains to be identified, rather than DNase X. Figure 6 shows a proposed model of E. chaffeensis TRP-mediated activation of canonical and noncanonical Wnt signaling pathways. TRP effector proteins bind unidentified cell receptors and activate Dvl protein and other downstream signaling molecules of Wnt pathways identified in this study, resulting in regulation of gene transcription and cytoskeletal reorganization/phagocytosis. Further study is needed to determine the receptor involved, the roles of TRP-interacting proteins, and the relationship between TRP and EtpE in ehrlichial binding and internalization.
Our study establishes for the first time an obligately intracellular pathogen-directed Wnt pathway-induced mechanism responsible for invasion and persistence and will provide insight into mechanisms utilized by intracellular pathogens to invade host cells. Further research will elucidate and define the mechanisms and specific interactions between TRPs and Wnt signaling pathways.
